Streptococcal toxic shock syndrome (StrepTSS) is an invasive infection characterized by marked coagulopathy, multiple organ failure, and rapid tissue destruction and is strongly associated with M type 1 and 3 group A streptococci (GAS). Initiation of the coagulation cascade with formation of microvascular thrombi contributes to multiple organ failure in human cases of gram-negative bacteremia; however, little is known regarding the mechanism of coagulopathy in StrepTSS. Thus, we investigated the abilities of several strains of M type 1 and 3 GAS isolated from human cases of StrepTSS to stimulate production of tissue factor (TF), the principal initiator of coagulation in vivo. Washed, killed M type 1 and 3 GAS, but not M type 6 GAS, elicited high-level TF-mediated procoagulant activity from both isolated human monocytes and cultured human umbilical vein endothelial cells. M type 1 GAS consistently elicited higher levels of TF from monocytes than did M type 3 GAS. GAS-induced TF synthesis in monocytes did not correlate with production of tumor necrosis factor alpha or interleukin-8. Conversely, M type 3 GAS were consistently more potent than M type 1 GAS in stimulating endothelial cell TF synthesis. These results demonstrate that (i) M type 1 and 3 strains of GAS are potent inducers of TF synthesis, (ii) GAS-induced TF synthesis is not simply an epiphenomenon of cytokine generation, and (iii) induction of TF in endothelial cells and monocytes may be M type specific. In total, these findings suggest that a novel interaction between GAS and host cells contributes to the observed coagulopathy in StrepTSS.
In 1989, Stevens et al. reported a series of patients from the Rocky Mountain West with group A streptococcus (GAS) infections associated with the sudden onset of shock (95%), adult respiratory distress syndrome (55%), renal failure (80%), bacteremia (60%), and deaths (30%) (26) . Similar cases emerged worldwide (reviewed in reference 24) , prompting an official case definition of streptococcal toxic shock syndrome (StrepTSS) by the Centers for Disease Control Working Group on Streptococcal Infections (36) . Despite better clinical recognition of StrepTSS and intense research on streptococcal virulence factors, morbidity is high and mortality remains between 30 and 70% (6) . For example, 50% of StrepTSS patients develop necrotizing fasciitis or myonecrosis, often at the site of minor trauma or muscle strain, which rapidly involves an entire extremity (6, 26) . Frequently, these deeper infections are not clinically apparent until after shock and renal impairment or adult respiratory distress syndrome are manifest (26) . Such patients require emergent amputation or extensive surgical debridement and prolonged hospitalization including ventilator support and hemodialysis (6, 26) . In fact, even in the modern era of medicine with its advanced life support technologies, a recent article in the American Journal of Surgery suggested that the best therapy in cases of severe soft tissue infection due to GAS remains a single radical debridement to maximize limb salvage and survival (21) .
The mechanisms responsible for this rapid regional destruction of muscle, fascia, and soft tissues have not been studied. It has been our hypothesis that such destruction is due to microvascular thrombosis and endothelial cell dysfunction leading to reduced tissue perfusion, hypoxia, and subsequent regional tissue necrosis. Clinical and experimental observations support this concept. First, both humans and experimental animals with StrepTSS demonstrate a marked coagulopathy characterized by prolonged activated partial thromboplastin time (APTT), reduced fibrinogen, increased fibrin degradation products, and thrombocytopenia. These features are, in fact, part of the case definition of StrepTSS (36) . Further, occlusive platelet thrombi and fibrin clots are numerous in capillaries, postcapillary venules, and arterioles of the affected musculature and soft tissues. Taken together, these findings suggest that Streptococcus pyogenes induces systemic activation of the clotting cascade and subverts the physiologic mechanisms controlling hemostasis.
Tissue factor (TF) is the principal initiator of coagulation in vivo (reviewed in reference 31), and its controlled expression is essential for normal hemostasis. This membrane glycoprotein forms a proteolytically active complex with circulating factor VIIa. The TF/VIIa complex then initiates the downstream clotting events of both the intrinsic (via activation of factor IX) and extrinsic (via activation of factor X) coagulation pathways, which culminate in the conversion of prothrombin to thrombin. Thrombin proteolytically cleaves fibrinogen, yielding fibrin monomers that polymerize into a stable clot. In the absence of factor VIIa, TF-initiated clotting does not occur.
Originally, TF activity was thought to be limited to brain, lung, and placenta and to sites in other organs that do not contact flowing blood. Exposure of this extravascular pool of TF following vessel injury, or its induction on endothelial cells following viral infection or exposure to endotoxin or cytokines, was thought to be responsible for both the initiation and the propagation of thrombus formation (18) . However, recent studies have demonstrated detectable TF PCA in whole-blood samples from healthy individuals (9, 12) . This activity was principally associated with the mononuclear cell fraction (12) and was elevated in patients with sickle cell disease (12) . Indeed, increased expression of TF on circulating monocytes has been correlated with a poor prognosis. For example, monocytes isolated from patients with severe meningococcal infection or peritonitis expressed high levels of TF activity (3, 20) . Current opinion now suggests that this intravascular pool of TF mediates the pathological propagation of thrombus formation (13), as is observed in septic states associated with disseminated intravascular coagulopathy (DIC).
Because coagulopathy is a defining criterion for StrepTSS, this study investigated the ability of GAS, isolated from patients with invasive infections, to elicit TF production by cultured human umbilical vein endothelial cells and isolated human monocytes.
MATERIALS AND METHODS
Cell culture. Primary human umbilical vein endothelial cells (HUVEC; BioWhittaker, San Diego, Calif.) were cultured as previously described (7) . Briefly, HUVEC from the first through fifth passages were grown in 96-well plates to 70% confluency in growth factor-enriched complete endothelial cell growth medium containing amphotericin-streptomycin (cEGM-2; BioWhittaker) per the manufacturer's recommendations. At this point, cEGM-2 was replaced with basal endothelial cell medium (EBM; BioWhittaker)-4% fetal calf serum and antibiotics and the cell cultures were grown to confluence. At 3 days postconfluency, HUVEC were washed twice with warm EBM containing 2% fetal calf serum without antibiotics (EBM-2). Agonists diluted in EBM-2 were added, and the assays were performed as described below.
Human peripheral blood mononuclear cells were isolated as previously described (10) from healthy volunteers giving informed consent. Briefly, mononuclear cells were isolated by gradient centrifugation over Histopaque (Sigma, St. Louis, Mo.) and residual red blood cells were removed by a single hypotonic lysis. Cells were resuspended at a concentration of 3 ϫ 10 6 /ml in RPMI 1640-penicillin-streptomycin supplemented with 1% pooled human serum (PHS). A total of 3 ml of cells was plated into each well of multiple six-well plates. After 2 h, nonadherent lymphocytes were removed by three washes with prewarmed RPMI 1640 and cell cultures were grown overnight in RPMI 1640-4% PHS plus antibiotics. The next day, this medium was removed and replaced with agonists diluted in RPMI 1640-1% PHS without antibiotics. After 6 h, the procoagulant assay was performed as described below.
Streptococcal strains. The following strains of GAS were studied: two M type 1 strains (94/059 and 96/004), three M type 3 strains (88/003, 93/040, 94/017), and one M type 6 strain (95/017). Each strain was a blood isolate from a patient clinically diagnosed with StrepTSS. M typing was performed by Dwight Johnson and Edward Kaplan, World Health Organization Reference Laboratory on Streptococci, Minneapolis, Minn. GAS were cultured in sterile polypropylene tubes in 10 ml of Todd-Hewitt broth for 4 to 4.5 h (i.e., log phase) at 37°C in 10% CO 2 . Organisms were collected by centrifugation, washed twice in ice-cold sterile lipopolysaccharide (LPS)-free normal saline, resuspended in 1.0 ml of saline, and heat killed at 56°C for 1 h as previously described (33) . Duplicate platings onto blood agar plates revealed no growth after 24 h. The stock heat-killed organisms were stored at Ϫ70°C until use. On the day of the experiment, heat-killed GAS were adjusted to an absorbance at 650 nm of 0.5 in antibiotic-free EBM-2 for HUVEC experiments or RPMI 1640-1% PHS for monocyte studies. An optical density of 0.5 at 650 nm is equivalent to 1 ϫ 10 8 to 2 ϫ 10 8 CFU/ml (5). Heat-killed GAS prepared in this way had less than 50 pg of contaminating LPS/ml as determined by a Limulus amoebocyte lysate assay (Associates of Cape FIG. 1. M type 3 GAS stimulates endothelial cell PCA. The ability of GAS to elicit PCA in cultured HUVEC was investigated using a single-stage clotting assay. After cultures were grown as described in Materials and Methods, HUVEC were stimulated with 100 l of heat-killed GAS at an A 650 of 0.5, 0.05, or 0.005 for 6 h. Strains tested were M type 1 (strains 96/004 and 94/059) or M type 3 GAS (strains 88/003, 94/017, and 93/040). LPS (5 g/ml) served as a positive control. After washing and three freeze-thaw cycles, citrated plasma was added followed by CaCl 2 . PCA (i.e., clot formation) was monitored by absorbance at 550 nm. Data shown are the absorbance values obtained 10 min after recalcification of the plasma. Data (means Ϯ standard deviations [SD] ) are representative of four experiments performed in duplicate. *, P Ͻ 0.001 by one-way analysis of variance with Tukey's test.
Cod, Woods Hole, Mass.). This concentration of GAS, or dilutions thereof, was used to stimulate monocytes or endothelial cells.
TF-mediated PCA assay. The ability of GAS to stimulate an endothelial cell procoagulant response was investigated using a single-stage clotting (procoagulant activity [PCA]) assay. HUVEC, grown in cultures as described above, were stimulated with 100 l of heat-killed GAS at an A 650 of 0.5, 0.05, or 0.005. Tumor necrosis factor (TNF) (1,000 U/ml), phorbol myristate acetate (5 ϫ 10 Ϫ6 M), or LPS (5 g/ml) served as a positive control. After 6 h at 37°C in 5% CO 2 , the cells were washed twice with prewarmed EBM-2 and each well was inspected for signs of cytotoxicity. All culture media were removed and replaced with 80 l of lysing solution (20 mM Tris-HCl, 130 mM NaCl, 0.1% bovine serum albumin, pH 7.4), followed by three cycles of freezing and thawing. This latter step is necessary because TF synthesized by activated cells is encrypted and inactive on unperturbed cells (4) but is unmasked by cell disruption (4). Citrated platelet-free human plasma was obtained from healthy volunteers who gave informed consent and who denied taking medication during the previous 10 days. Next, 80 l of this plasma was added to the reaction mixture and a baseline absorbance reading at 550 nm was taken in a microplate reader. The clotting reaction was initiated by recalcification of the citrated plasma by the addition of 80 l of 30 mM CaCl 2 , and absorbance at 550 nm (i.e., clot formation) was monitored every 60 s for 12 to 15 min.
Monocytes were similarly treated, except that cells in six-well plates were lysed with 0.5 ml of lysing solution and duplicate 80-l samples were transferred to individual wells of a 96-well plate, where citrated plasma and calcium were added and clotting was monitored as described above for HUVEC. In parallel, 100 l of either the overlying culture medium from monocytes or monocyte lysates was placed in wells of commercial enzyme-linked immunosorbent assay (ELISA) plates for measurement of interleukin-8 (IL-8) and TNF-␣ (both from R&D Systems, Minneapolis, Minn.) or TF (American Diagnostica, Greenwich, Conn.), respectively, and the assays were performed according to the recommendations of the manufacturers.
In some assays, cells were exposed to agonists for either 1 or 6 h and the clotting assay was performed either in the presence of normal or factor VIIdeficient plasma (American Diagnostica) or in the presence of neutralizing anti-human TF antibody (murine immunoglobulin G1, clone TF10-1D10; American Diagnostica) (10 g/ml final concentration) or an isotype-matched control antibody.
Statistical analyses. Multiple comparisons between groups were made by one-way analysis of variance with Tukey's test; the level of significance was chosen at P Ͻ 0.05.
RESULTS

GAS-induced TF PCA in endothelial cells.
The ability of GAS to stimulate an endothelial cell procoagulant response was determined by a single-stage clotting assay. The three strains of M type 3 GAS tested each stimulated a high level of PCA in endothelial cells comparable to that elicited by LPS (Fig. 1) , TNF, or phorbol myristate acetate (data not shown). No clotting was observed in response to the M type 3 strain 88/003 in the absence of factor VII (Fig. 2) , suggesting that the PCA was indeed that of TF. Similarly, when HUVEC were exposed to killed M type 3 GAS for only 1 h, no clotting was observed (Fig. 2) . Taken together, these findings suggest that the PCA induced by a cell-associated factor of GAS is mediated by the de novo synthesis of TF.
In contrast to the M type 3 GAS, the two M type 1 strains tested demonstrated a reduced and variable ability to elicit endothelial cell PCA (Fig. 1) . Specifically, M type 1 strain 96/004 elicited approximately half as much PCA as the M type 3 strains whereas the M type 1 strain 94/059 was without effect. The single M type 6 strain of GAS tested did not stimulate significant PCA (data not shown). Washed, viable log phase M type 1 GAS demonstrated modest PCA (data not shown) that was inversely related to the concentration of bacteria used, suggesting that cytotoxicity was occurring over the 6-h incubation period. That this was indeed the case was verified by light microscopy.
GAS-induced TF and proinflammatory cytokine production by monocytes. Because monocytes are a significant source of TF in vivo, the ability of GAS to elicit monocyte-derived TF was investigated. M type 1 GAS (strain 96/004) induced a high, dose-dependent level of monocyte-derived PCA comparable to that stimulated by LPS (Fig. 3A) . As measured by commercial FIG. 2. Endothelial cell-derived PCA induced by M type 3 GAS is that of TF. PCA in HUVEC was measured by a single-stage clotting assay as described in Materials and Methods. PCA in lysates of HUVEC stimulated for 1 or 6 h with washed, killed M type 3 GAS (A 650 ϭ 0.5; strain 88/003) was measured in the presence of either normal plasma or factor VII-deficient plasma. Data are the means of duplicate wells (Ϯ SD) minus the mean values of unstimulated control wells.
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ELISA, the amounts of TF protein in these lysates in cells stimulated with medium alone, M type 1 GAS, or LPS were 38.2, 88.2, and 135.6 pg/ml, respectively. M type 3 GAS (strain 88/003) induced only modest PCA in monocytes (Fig. 3A) . However, both strains stimulated production of high levels of the monokines, TNF-␣ and IL-8 ( Fig. 3B and C, respectively), with the M1 strain again being more potent. Verification that the monocyte PCA elicited by M1 and M3 GAS was indeed TF was obtained by specific neutralization of clotting activity with monoclonal anti-TF antibody (Fig. 4) .
DISCUSSION
Necrotizing fasciitis or myonecrosis associated with StrepTSS progresses rapidly to involve an entire extremity (6, 26) . Initiation of the necrotizing process occurs prior to the onset of hypotension, acute respiratory distress syndrome, or multiple organ failure and is characterized by excruciating pain at the site (6, 26) . This pain might result from ischemia secondary to vascular compromise related to a bacterium-induced procoagulant state resulting in thrombosis. Indeed, such pain is a prominent feature in other clinical conditions that involve occlusion of the arterial blood supply, such as acute arterial embolism or myocardial infarction. Further, formation of microvascular thrombi with propagation to larger vessels leading to regional vascular occlusion could in fact result in the rapid progression of tissue destruction and multiple organ failure that is characteristic of StrepTSS. Indeed, histologic examination of necrotic tissues obtained from patients with StrepTSS at biopsy or amputation (6, 26) or from experimental animals challenged with GAS (28) reveals clotting in the adjacent microvasculature. In addition, the Centers for Disease Control Working Group on Group A Streptococcal Infections includes coagulopathy (specified as prolongation of the prothrombin time [PT], decreased fibrinogen, increased fibrin degradation products, and thrombocytopenia) as a defining criterion for StrepTSS (36) .
Clinical reports and epidemiologic studies have repeatedly shown an association between invasive infections (i.e., bacteremia, necrotizing fasciitis, myonecrosis, and StrepTSS) and GAS strains of M protein types 1, 3, 12, and 28. Among patients having a defined portal of entry, M type 1 and 3 GAS account for over 40% of all isolates (reviewed in reference 24). Further, among the 50% of all StrepTSS patients having no defined portal of entry, virtually all strains of GAS isolated are of M type 1 or 3. Thus, M type 1 and 3 GAS are associated with invasive infections characterized by coagulopathy and rapid tissue destruction.
Although the number of strains tested was small, data presented here clearly demonstrate that M type 1 and 3 strains of GAS possess a cell-associated factor that stimulates production of TF, the principal initiator of blood coagulation in vivo. Indeed, recent studies by Stevens et al. of the responses of experimental animals to GAS infection have demonstrated systemic activation of the coagulation system. Specifically, Stevens et al. have shown that infection with M type 3 GAS was associated with a profound drop in plasma fibrinogen concentration (to 1% of baseline control values), a 50% reduction in platelet count, and marked increases in fibrin degradation products (Ͼ640 g/dl) and in thrombin/anti-thrombin and plasmin/anti-plasmin complexes (25) . This coagulopathy was similar to that reported in human cases of StrepTSS (24, 26) . Pretreatment of animals with neutralizing monoclonal antibody against TNF improved survival but did not reverse the observed coagulopathy (25) , suggesting that the coagulopathy associated with GAS bacteremia was not strictly an epiphenomenon of cytokine generation in the septic state. Data from the present study support this concept in that high levels of TNF-␣ were induced from monocytes by both M type 1 and M type 3 GAS, yet the M type 3 GAS induced only modest monocyte-derived TF PCA. This implies that an intimate and novel interaction between GAS and host cells is responsible for the observed coagulopathy in StrepTSS.
Results from the present study also suggest that among different M types of GAS, there can be a strain-specific predilection for the TF-producing cells they stimulate. Specifically, M type 3 GAS elicited a high level of TF PCA from endothelial cells, whereas M type 1 strains primarily stimulated monocytes. Such tissue-specific tropism among different GAS strains is not unique to this setting. For instance, it has long been recognized that some strains of M type GAS are primarily skin associated, whereas others are throat strains. Recently, Kalia et al. have demonstrated that this type of tissue tropism and niche separation is associated with specific patterns found in the gene locus for M protein (11) . Thus, our findings extend this observation and suggest that over the course of their coevolution, certain M types of GAS have selectively refined their interactions with the human cells regulating hemostasis.
GAS may be unique among pathogenic gram-positive cocci in their ability to stimulate functional responses by endothelial cells that control both inflammation and hemostasis. For instance, Noel et al. (16) (32) . In addition, nonviable clinical isolates of S. aureus did not elicit expression of endothelial cell E-selectin or ICAM-1 (27) or TF (32) . In contrast, M type 3 GAS are potent inducers of TF synthesis in endo- FIG. 3 . GAS elicit TF PCA and cytokine production in human peripheral blood monocytes. Human peripheral blood monocytes were stimulated for 6 h with either heat-killed M type 1 (strain 96/004) or type 3 (strain 88/003) GAS at an A 650 of 0.5, 0.05, or 0.005. LPS (5 g/ml) served as a positive control. PCA in monocyte lysates (A) was measured in duplicate by a single-stage clotting assay as described in Materials and Methods. Data shown are the absorbance values at 10 min postrecalcification of plasma. The overlying monocyte culture medium was also tested for the presence of TNF-␣ (B) or IL-8 (C) by commercial ELISAs. These data (means of results from triplicate wells Ϯ SD) are representative of three different experiments utilizing monocytes from different donors; a small but notable donor-dependent variation in TF and cytokine levels was observed (data not shown).
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on July 3, 2017 by guest http://iai.asm.org/ thelial cells (Fig. 1) . Whether the ability to induce TF synthesis is unique to those M types associated with invasive infection, or whether it is also found among other M types or among M types 1 and 3 associated with noninvasive infections, remains to be determined. Induction of TF and other known interactions of GAS with the coagulation system is depicted in Fig. 5 . In vitro studies have demonstrated that M protein binds fibrinogen, and streptokinase forms a high-affinity complex with plasminogen. Interestingly, as this latter complex then interacts with M protein-bound fibrinogen on the surface of GAS, it acquires potent plasminogen activator activity that is not inhibitable by anti-proteases such as alpha-2-antiplasmin (15, 34) . Further, in a murine model of M type 1 GAS necrotizing fasciitis, Sriskandan et al. have recently shown that the APTT was prolonged and was associated with reduced levels of factor XII and prekallikrein (23) . Similarly, in a small study of humans with StrepTSS, seven of seven patients had a significantly elevated APTT compared to only one of eight patients having GAS infections not associated with shock and organ failure (22) . It can therefore be predicted that patients with severe GAS infections might develop a largely fibrinolytic clinical picture and perhaps a bleeding diathesis. Yet in the murine model mentioned above, the PT was normal and mice actually demonstrated a hypercoagulable state despite prolongation of the APTT (23) . Further, in a nonhuman primate model of M type 3 GAS necrotizing fasciitis and myonecrosis, animals had increased circulating levels of fibrin degradation products and thrombin-antithrombin III complexes, indicating systemic activation of the coagulation system (28) . Lastly, the marked DIC observed in the lungs (60%), adrenals (100%), and kidneys (80%) of primates with streptococcal bacteremia (25) and in tissues from humans with StrepTSS (our unpublished data) also suggests that the hemostatic balance is shifted toward a pathological TF-mediated procoagulant state in severe GAS infections (Fig. 5) .
For a hypercoagulable state to progress to clinical DIC in invasive S. pyogenes infections, the opposing anticoagulant systems (e.g., TF pathway inhibitor [TFPI] and thrombomodulin/ protein C/protein S complex) must also be functionally downregulated (Fig. 5) . Interestingly, certain strains of GAS bind protein S in its plasma and endothelial cell-bound forms (30) . In addition, some S. pyogenes strains bind C4BP (29), a serum protein that complexes with free protein S. In terms of the coagulation system, we suggest that streptococcal binding of protein S effectively removes this molecule from participation in the anticoagulant system and thereby promotes coagulation. However, the role of protein S binding in the pathogenesis of invasive streptococcal disease remains unclear, since serotypes of GAS that are commonly associated with invasive infections (i.e., M type 1 or 3) do not bind protein S (14) or C4BP (29) .
Under disease conditions associated with DIC, a massive production and continuous exposure of excess TF is thought to exhaust the available TFPI (reviewed in reference 19) . This concept formed the basis for several efficacy studies of TFPI with both humans and experimental animals with gram-negative sepsis. Administration of TFPI limited the development of acute lung and renal injury (35) , DIC, and mortality (8) in baboons with Escherichia coli bacteremia and reduced mortality in mice with polymicrobial intra-abdominal infection (17) . Similarly, in recent studies in humans, administration of TFPI to critically ill septic patients showed a trend toward reduction in 28-day mortality (1, 2) . The efficacy of this therapeutic strategy in the treatment of StrepTSS remains to be tested.
In summary, the data presented here suggest that M type 1 and 3 strains of GAS possess unique cell-associated compo- FIG. 4 . Monocyte-derived, GAS-stimulated PCA is that of TF. Monocytes were stimulated with heat-killed GAS of M type 1 (strain 96/004) and 3 (strain 88/003) for 6 h. Monocyte lysates were preincubated for 10 min at 37°C with either monoclonal anti-TF antibody (10 g/ml) or an isotype-matched control antibody. Normal citrated plasma was added and then recalcified, and clotting was measured. Values depicted are those obtained 12 min after recalcification and represent means of results from triplicate wells Ϯ SD.
nents that elicit important functional responses in cells of the coagulation-hemostasis system. In vivo, these responses may contribute to intravascular thrombosis and leukostasis, multiple organ failure, and rapid destruction of tissue characteristic of StrepTSS. Understanding the specific mechanisms by which streptococcal virulence factors interact with human cells might offer new insights into the pathogenesis of StrepTSS while providing novel therapeutic targets to limit the severity of this invasive disease.
